Carrier concentration profiles of two-dimensional electron gases are investigated in wurtzite, Ga-face Al x Ga 1Ϫx N/GaN/Al x Ga 1Ϫx N and N-face GaN/Al x Ga 1Ϫx N/GaN heterostructures used for the fabrication of field effect transistors. Analysis of the measured electron distributions in heterostructures with AlGaN barrier layers of different Al concentrations (0.15ϽxϽ0.5) and thickness between 20 and 65 nm demonstrate the important role of spontaneous and piezoelectric polarization on the carrier confinement at GaN/AlGaN and AlGaN/GaN interfaces. Characterization of the electrical properties of nominally undoped transistor structures reveals the presence of high sheet carrier concentrations, increasing from 6ϫ10 12 to 2ϫ10 13 cm Ϫ2 in the GaN channel with increasing Al-concentration from xϭ0.15 to 0.31. The observed high sheet carrier concentrations and strong confinement at specific interfaces of the N-and Ga-face pseudomorphic grown heterostructures can be explained as a consequence of interface charges induced by piezoelectric and spontaneous polarization effects.
I. INTRODUCTION
AlGaN/GaN heterostructure field-effect transistors ͑HFETs͒ have been a subject of intense recent investigation and have emerged as attractive candidates for high voltage, high-power operation at microwave frequencies. [1] [2] [3] [4] [5] [6] Although the electron effective mass in GaN is 0.22, which is about three times higher than the effective electron mass in GaAs and as a result the low-field mobility of bulk GaN is much less than that of GaAs, GaN has a larger peak electron velocity, larger saturation velocity, higher thermal stability, and a larger band gap, very suitable for the use as channelmaterial in microwave power devices. Further contributing to the outstanding performance of AlGaN/GaN based HFETs is the ability to achieve two-dimensional electron gases ͑2DEG͒ with sheet carrier concentrations of 10 13 cm Ϫ2 or higher close to the interface without intentionally doping, well in excess of those achievable in other III-V material systems. It has been shown previously that piezoelectric effects can exert a substantial influence on charge density and electric field distributions in strained zincblende semiconductors grown in the ͑111͒ orientation, 7 and more recently in strained or pseudomorphic group-III-nitride heterostructures with the wurtzite crystal structure grown in the ͑0001͒ orientation. 8 Especially in wurtzite AlGaN/GaN based transistor structures, the piezoelectric polarization of the strained top layer is more than five times larger as compared to AlGaAs/GaAs structures, leading to a significant increase of the sheet carrier concentration at the interface. [9] [10] [11] [12] [13] Bernardini et al. 14 pointed out that, in addition to the high piezoelectric polarization, the spontaneous polarization ͑polarization at zero strain͒ is very large in wurtzite group-III-nitrides, particularly AlN possesses a spontaneous polarization only about 3-5 times smaller than that of typical ferroelectric perovskites. 15 The spontaneous and piezoelectric polarization in wurtzite GaN and AlN are found to be ten times larger than in conventional III-V and II-VI semiconductor compounds and are comparable to those of ZnO. The spontaneous polarization can cause electric fields of up to 3 MV/cm in group-III-nitride crystals, and strain in pseudomorphically grown AlGaN/GaN or lnGaN/GaN heterostructures can cause an additional piezoelectric field of about 2 MV/cm. These very high polarizations and resulting electric fields produce high interface charge densities at group-III-nitride interfaces and spatial separation of the hole and electron wave functions in GaN-based quantum well structures. 16 In this article, we will focus on the electrical and structural characterization of AlGaN/GaN/AlGaN and GaN/ AlGaN/GaN heterostructures grown by metalorganic chemical vapor deposition ͑MOCVD͒ and plasma induced molecular beam epitaxy ͑PIMBE͒ to understand the formation of 2DEGs induced by spontaneous and piezoelectric polarization. Furthermore, we will elaborate on the important role of the polarity on the confinement and localization of 2DEGs inside group-III-nitride heterostructures suitable for the fabrication of high power field effect transistors. Finally, we will calculate the polarization induced sheet charge and sheet carrier concentration at AlGaN/GaN and GaN/AlGaN interfaces and compare our results with published experimental and theoretical data.
II. GROWTH AND STRUCTURAL QUALITY OF AlGaN/ GaN HETEROSTRUCTURES
The investigated epitaxial GaN layers, AlGaN/GaN, AlGaN/GaN/AlGaN, and GaN/AlGaN/GaN heterostructures are grown by MOCVD and PIMBE on c-plane sapphire substrates. The MOCVD grown GaN-based layers and heterostructures ͑heterostructure A, Fig. 1͒ are deposited at a pressure of 100 mbar, using triethylgallium ͑TEG͒, trimethylaluminium ͑TMA͒, and ammonia as precursors. A high-temperature AlGaN nucleation layer with a thickness of about 20 nm is deposited before the growth of GaN. Epitaxial GaN films deposited with rates of up to 1.5 m/h show surfaces with bilayer steps ͑surface roughness rmsϷ0.2 nm͒ and a few nanopipes. The measured free carrier concentration and Hall-mobility at room temperature are 2 ϫ10
16 cm Ϫ3 and 600 cm 2 /V s for a sample thicknesses of 1.4 m. By decreasing the flow ratio of TEG to TMA, the Alcontent increases from 0.2 to 0.31, and the thickness of the barrier increases from 20 to 40 nm. 17 Additionally, GaN films, AlGaN/GaN, and GaN/AlGaN/ GaN heterostructures ͑Fig. 1, structures B and C͒ are deposited by PIMBE using a Tectra molecular-beam epitaxy MBE ® chamber with a background pressure of 5 ϫ10 Ϫ11 mbar, conventional effusion cells, and an Oxford Applied Research CARS 25 r.f. plasma source for the generation of nitrogen radicals. The nitrogen flux through the plasma source is fixed at 2 sccm causing a nitrogen partial pressure in the MBE chamber of 4ϫ10 Ϫ5 mbar during growth. The samples are rotated at a rate of 20 rpm to obtain homogeneous films over 2 in. ͑0001͒ Al 2 O 3 substrates. The optimized growth temperature T s for GaN and Al x Ga 1Ϫx N (0ϽxϽ0.5) was determined to be T s ϭ132°C xϩ780°C at a deposition rate of 0.6 m/h. 6 Besides the substrate temperature, the optimization of the Ga-flux under metal-rich growth conditions was found to be most important for the growth of GaN with high electron mobility. By increasing the Ga-flux from 8ϫ10 14 . A further improvement of the mobility to 550 cm 2 /V s at room temperature and 750 cm 2 /V s at 77 K was realized by increasing the thickness of the GaN film to 2.5 m. The carrier density for nominally undoped samples was about 4.5ϫ10 16 cm Ϫ3 at room temperature and 1ϫ10 16 cm Ϫ3 at 77 K. The improvement of electrical properties by increasing the Ga-flux coincides with a reduction of structural defects, as determined by high resolution x-ray diffraction measurements ͑HRXRD͒ and atomic force microscopy. Our best GaN films grown by PIMBE without nucleation layers exhibited a full width at half maximum of 250 arc s ͑rocking curve͒ and a surface roughness rmsϽ2 nm for 2.5 m-thick-films. In order to determine the precise composition x of the strained AlGaN layers in heterostructures B and C, reciprocal space maps of the symmetric ͑20.0͒ and asymmetric ͑20.5͒ reflexes ͑Fig. 2͒ of the AlGaN/GaN and GaN/AlGaN/ GaN heterostructures are measured by HRXRD, and the alloy composition is calculated using the lattice constants and elastic stiffness shown in Table I and Table II 28 Even up to xϭ0.38 pseudomorphic growth is observed, but the lattice constant a(GaN) is slightly decreased by 0.0005 nm ͑Fig. 3͒. The structural quality decreases and partial relaxation of the AlGaN layer occurs for xϭ0.5 ͑Fig. 2͒.
The piezoelectric polarization, the polarization induced charge density, and the sheet carrier density calculated later on will be determined for pseudomorphic grown heterostructures. Because of the measured lattice constants and strain of the AlGaN/GaN and GaN/AlGaN/GaN structures, we have to expect good agreement between the theoretical and experimental results as long as xϽ0.38 and d AlGaN р65 nm.
Before the influence of piezoelectric and spontaneous polarization on the carrier confinement at the AlGaN/GaN interfaces can be calculated, we will discuss the directions of the polarizations which are influenced by the polarity of the crystals.
III. POLARITY
Noncentrosymmetric compound crystals exhibit two different sequences of the atomic layering in the two opposing directions parallel to certain crystallographic axes, and consequently crystallographic polarity along these axes can be observed. For binary A-B compounds with wurtzite structure, the sequence of the atomic layers of the constituents A and B is reversed along the ͓0001͔ and ͓0001 ជ ͔ directions. The corresponding ͑0001͒ and (0001 ) faces are the A-face and B-face, respectively. In the case of heteroepitaxial growth of thin films of a noncentrosymmetric compound, the polarity of the material cannot be predicted in a straightforward way, and must be determined by experiments. This is the case for GaN epitaxial layers and GaN-based heterostructures with the most common growth direction normal to the ͕0001͖ basal plane, where the atoms are arranged in bilayers. These bilayers consist of two closely spaced hexagonal layers, one formed by cations and the other formed by anions, leading to polar faces. Thus, in the case of GaN, a basal surface should be either Ga-or N-faced. By Ga-faced we mean Ga on the top position of the ͕0001͖ bilayer, corresponding to the ͓0001͔ polarity ͑Fig. 4͒ ͑by convention, the z or ͓0001͔ direction is given by a vector pointing from a Ga atom to a nearest-neighbor N atom͒. It is, however, important to note that the ͑0001͒ and (0001 ) surfaces of GaN are nonequivalent and differ in their chemical and physical properties. 29 Both types of polarity were reported to be found by ion channeling and convergent beam electron diffraction in GaN ͑0001͒ layers grown by MOCVD on c-plane sapphire if the layers exhibited rough morphology, while for smooth films Ga-face was exclusively concluded from the experimental results. 30 This result was supported by a photoelectron diffraction study of MOCVD grown films. 31 Smith et al. 32, 33 reported on investigations of surface reconstructions of GaN grown by PIMBE on c-plane sapphire and PIMBE homoepitaxy on a MOCVD grown GaN sapphire substrate. They observed two structurally nonequivalent faces with completely different surface reconstructions attributed to the N-face for MBE on sapphire and to the Ga-face for MBE on a MOCVD template.
Weyher et al. 34 studied the etching of GaN crystals and MOCVD GaN films in aqueous solutions of KOH and NaOH. They found that the rough surface of MOCVD films with hexagonal crystallites ͑N-face͒ 31 etched much more easily than the smooth Ga-face, related to the finding of Sasaki et al. 35 that rough films ͑N-face͒ oxidize more easily. We used the x-ray standing wave method ͑XSW͒ and chemical etching to determine the polarity of the MOCVD and PIMBE grown films. The advantage of the XSW technique lies in the combination of the structural sensitivity of x-ray diffraction with the chemical elemental sensitivity inherent to x-ray spectroscopy. 36 The method is based on generating an XSW field by x-ray Bragg diffraction and monitoring the x-ray fluorescence yield excited by this field as a function of glancing angle as the GaN layer is turned through the narrow region of Bragg reflection. Determining the polarity of noncentrosymmetric crystals with the XSW technique is straight forward and has been demonstrated for GaP 37, 38 and GaAs. 39, 40 In the case of a wurtzite GaN film with a thickness of 1 m grown by PIMBE ͑similar to the first layer of structures B and C͒ without nucleation layer, the XSW technique was successfully applied. The standing wave was generated by x-ray diffraction inside the GaN film and the Ga K␣ fluorescence yield was recorded as a function of the incidente angle within the width of the ͑0002͒ reflection peak. In these studies, N-face was found predominantly. The uncertainty of the measurement allows for 10% fraction of Ga-face material, at most. However, the sharpness of the Bragg-peak indicates high structural film quality ͑for further details see Ref. 41͒ .
Chemical etching of the GaN film grown by PIMBE for 10 min at 80°C in a 1:10 KOH:H 2 O solution increased the rms surface roughness from 2 to about 7 nm, whereas the MOCVD grown GaN films with a surface roughness of rmsϷ0.2 nm were stable over more than 30 min under the same conditions.
As observed by XSW and chemical etching, we conclude that our PIMBE grown GaN films are of N-face, while our MOCVD grown films are of Ga-face material, in agreement with the observations made by other groups mentioned above. Because there are no theoretical and experimental results, that the face of an AlGaN/GaN heterostructure can be different from the GaN bottom layer, it can be concluded that structure A ͑Fig. 1͒ must possess the Ga͑Al͒-face, and heterostructures B and C must be of N-face polarity material.
In the following, the influence of the different polarities on the electrical properties of AlGaN/GaN based structures will be discussed.
IV. CARRIER CONFINEMENT AND TWO-DIMENSIONAL ELECTRON GASES
Modulation doping, e.g., doping of the AlGaAs barrier layer close to an AlGaAs/GaAs heterointerface, induces carriers in the undoped channel region. In the case of n-type doping of the barrier, the region in the barrier close to the interface will be depleted, and the corresponding electrons will accumulate in a triangular shaped potential in the GaAs layer close to the interface. The electrons accumulated in the potential will form a two-dimensional electron gas. These electrons have an increased mobility in comparison to electrons in the bulk of the active layer, since the carriers are spatially separated from dopants in the barrier layer. 42, 43 This fact is frequently used for device applications in HFETs. Even at interfaces of intentionally undoped AlGaN/GaN heterostructures with high structural quality the formation of a 2DEG can be expected because of the free carrier background concentration in the active GaN and the AlGaN barrier layers or carrier injection from metal contacts. Hall measurements using van der Pauw configuration and Ti/Al metalization for ohmic contacts are used to determine the electron mobility and the sheet carrier concentration of the 2DEG. For structure A ͑MOCVD, d AlGaN ϭ20 nm͒, the electron sheet concentration and the mobility at room temperature increased from 6.2ϫ10 12 /V s at 77 K, respectively. Carrier confinement or a two-dimensional electron gas was not observed in structure B. In structure C grown by PIMBE ͑inverted structure͒, the carrier concentration for a barrier with xϭ0.2 decreased only slightly from 7.4ϫ10 12 to 6.5ϫ10 12 cm
Ϫ2
, but the mobility increased significantly from 1000 to 2000 cm 2 /V s by lowering the measurement temperature from 300 to 77 K. The constant electron sheet concentration and the drastic improvement in the electron mobility indicate spatial confinement of carriers, and the formation of a 2DEG in this structure. By increasing the Al-mole fraction to 0.26, the sheet carrier concentration of the 2DEG increased to 1.2ϫ10 13 and 1.1ϫ10 13 cm Ϫ2 ͑mobility 830 and 1510 cm 2 /V s͒ at room temperature and 77 K, respectively. To determine at which interface of structure C the electrons are confined, the upper 30 nm of the Hall sample was removed by reactive ion etching using BCl 3 . After the etching, a low electron sheet density of 4ϫ10 12 cm Ϫ2 and mobility of 200 cm 2 /V s was measured, indicating that the 2DEG is confined at the upper GaN/AlGaN interface for the PIMBE grown material.
To find additional information about the sheet carrier concentration and at which interface the 2DEGs are confined, we applied the capacitance-voltage (C -V) profiling technique 44 using a multifrequency inductance, capacitance, resistivity ͑LCR͒ meter operated at room temperature between 10 and 20 kHz and a mercury probe with a contact area of 750 m 2 . The C -V profiling technique allows one to measure the carrier concentration
as a function of depth
where V is the voltage applied to the Schottky contact ͑mer-cury͒, C is the measured differential capacitance per unit area, and ⑀ is the dielectric constant of the material ͑⑀ 0 ϭ8.85ϫ10
C͒. In the simplest case, that is for a noncompensated, homogeneously doped semiconductor, the C -V-concentration N C -V equals the free carrier concentration. In semiconductors and heterostructures with large variations of the doping concentration, and especially in structures with quantum confinement, the C -V-concentration does not have a direct physical meaning. However, N C -V corresponds approximately to the free carrier concentration N C -V (z)Хn(z). 45 Nevertheless, Kroemer et al. 46 showed that charge conservation is fulfilled for C -V-profiles, that is,
This property of the C -V-technique is very useful and enables the determination of the sheet carrier concentration n S and of the location of the 2DEG in the AlGaN/GaN heterostructures. In Fig. 5 , the measured N C -V (z C -V ) profiles are shown for structure A with Al 0.24 Ga 0.76 N barrier thicknesses between 20 and 40 nm. A slight increase of n S from 6 ϫ10 12 to 9ϫ10 12 cm Ϫ2 with increasing thickness of the barrier is detected. We found an increase of the sheet carrier concentration to 1.5ϫ10 13 cm Ϫ2 by increasing the Al-content to xϭ0.31 (d AlGaN ϭ20 nm). This is in good agreement with the results of the Hall measurements. More importantly, the localization of the 2DEG inside the MOCVD grown Ga-face heterostructure is determined to be at the upper AlGaN/GaN interface ͑insert of 12 to 1.3ϫ10 13 if the Al-content is increased. But opposite to the heterostructures grown by MOCVD, the 2DEG is located at the upper GaN/AlGaN interface of the N-face GaN/AlGaN/GaN heterostructure. In structures B and C no carrier accumulation could be detected at the AlGaN/ GaN interface, although the structural quality of the layer and interface was found to be very similar.
As a consequence of the experimental observations the following questions arise:
͑i͒
What are the reasons for the very high sheet carrier densities at one of the interfaces of the undoped heterostructures? ͑ii͒ Why are the carriers forming a 2DEG located at different interfaces inside the Ga-face ͑MOCVD͒ and N-face ͑PIMBE͒ heterostructures?
To answer these questions, we have to understand the role of effects induced by spontaneous and piezoelectric polarization in heterostructures with different polarities in more detail.
V. SPONTANEOUS AND PIEZOELECTRIC POLARIZATION
In the absence of external electric fields, the total macroscopic polarization P of a GaN or AlGaN layer is the sum of the spontaneous polarization P SP in the equilibrium lattice, and the strain-induced or piezoelectric polarization P PE . Because of the sensitive dependence of the spontaneous polarization on the structural parameters, there are some quantitative differences in the polarization for GaN and AlN. The increasing nonideality of the crystal structure going from GaN to AlN ͓u 0 being the anion-cation bond length along the ͑0001͒ axis in units of c increases, c/a decreases ͑Table I͔͒ corresponds to an increase in spontaneous polarization. Here we consider polarizations along the ͓0001͔ axis, since this is the direction along which epitaxial films and AlGaN/GaN heterostructures are grown. The spontaneous polarization along the c-axis of the wurtzite crystal is P SP ϭ P SP z. The piezoelectric polarization can be calculated with the piezoelectric coefficients e 33 and e 13 ͑Table III͒ as
where a 0 and c 0 are the equilibrium values of the lattice parameters, ⑀ z ϭ(cϪc 0 )/c 0 is the strain along the c-axis, and the in-plane strain ⑀ x ϭ⑀ y ϭ(aϪa 0 )/a 0 is assumed to be isotropic. The third independent component of the piezoelectric tensor, e 15 , is related to the polarization induced by shear strain, and will not be discussed. The relation between the lattice constants of the hexagonal GaN is given to
where C 13 and C 33 are elastic constants ͑Table II͒. Using Eqs. ͑3͒ and ͑4͒, the amount of the piezoelectric polarization in the direction of the c-axis can be determined by
ͪ .
͑5͒
Since ͓e 31 Ϫe 33 (C 13 /C 33 )͔Ͻ0 for AlGaN over the whole range of compositions, the piezoelectric polarization is negative for tensile and positive for compressive strained barriers, respectively. The spontaneous polarization for GaN and AlN was found to be negative, 14 meaning that for Ga͑Al͒-face heterostructures the spontaneous polarization is pointing towards the substrate ͑Fig. 7͒. As a consequence, the alignment of the piezoelectrical and spontaneous polarization is parallel in the case of tensile strain, and antiparallel in the case of compressively strained top layers. If the polarity flips over from Ga-face to N-face material, the piezoelectric, as well as the spontaneous polarization changes its sign. In Fig. 7 , the directions of the spontaneous and piezoelectric polarization are given for Ga-face, N-face, strained, unstrained AlGaN/ GaN, and GaN/AlGaN heterostructures.
Associated with a gradient of polarization in space is a polarization induced charge density given by P ϭٌ P. In analogy, at an abrupt interface of a top/bottom layer ͑AlGaN/ GaN or GaN/AlGaN͒ heterostructure the polarization can decrease or increase within a bilayer, causing a polarization sheet charge density defined by ϭ P͑top͒Ϫ P͑bottom͒
Although, variations in composition, surface roughness, or strain distribution will alter the local distribution of polarization induced sheet charge density. However, the total sheet charge, which is associated with the change of polarization across the interface region will be very nearly equal to that present at an abrupt interface. If the polarization induced sheet charge density is positive ͑ϩ͒, free electrons will tend to compensate the polarization induced charge, e.g., during the cooling process after growth. These electrons will form a 2DEG with a sheet carrier concentration n S , assuming that the AlGaN/GaN band offset is reasonably high and that the interface roughness is low. A negative sheet charge density ͑Ϫ͒ will cause an accumulation of holes at the interface. For a Ga͑Al͒-face AlGaN on top of GaN heterostructure ͑as calculated in detail later on͒, the polarization induced sheet charge is positive ͓Fig. 7͑a͔͒. Even if the heterostructure is relaxed ͑AlGaN thickness ӷ65 nm͒, electrons will be confined at the interface because of the difference in spontaneous polarization of GaN and AlGaN. If this heterostructure is grown pseudomorphic ͓Fig. 7͑b͔͒ the piezoelectric polarization of the tensile strained AlGaN barrier will increase the difference P (AlGaN)-P(GaN) , and likewise the sheet charge ϩ and the sheet carrier concentration n S . For N-face AlGaN/GaN heterostructures, the spontaneous and piezoelectric polarization have opposite directions in comparison to the Ga-face structure. The polarization induced sheet charge is negative, and holes can be accumulated at this interface ͓Figs. 7͑d͒ and 7͑e͔͒. In N-face heterostructures, electrons will be confined if GaN is grown on top of AlGaN, due to the positive sheet charge which will be formed in this case ͓Fig. 7͑f͔͒. Following this argument, it becomes obvious why a 2DEG is detected by Hall-effect and the C-V-profiling technique at the AlGaN/GaN interface of structure A but not in structure B ͑Fig. 1͒. Because of the different polarities of the MOCVD ͑Ga͑Al͒-face͒ and PIMBE ͑N-face͒ grown samples, a positive sheet charge which is compensated by electrons 2DEG has to be expected for heterostructure A and a negative sheet charge causing hole accumulation at the interface of structure B. The N-face heterostructure C grown by PIMBE contains a GaN/AlGaN and an AlGaN/GaN interface. In agreement with the given arguments, the 2DEG is detected at the upper GaN/AlGaN ͑ϩ͒ and not at the lower AlGaN/GaN ͑Ϫ͒ interface.
To calculate the amount of the polarization induced sheet charge density at the AlGaN/GaN and GaN/AlGaN interfaces in dependence of the Al-content x of the Al x Ga 1Ϫx N barrier, we use the following set of linear interpolations between the physical properties of GaN and AlN: lattice constant:
elastic constants:
piezoelectric constants:
spontaneous polarization:
The amount of the polarization induced sheet charge density for the undoped pseudomorphic N-face GaN/Al x Ga 1Ϫx N/GaN heterostructure grown by PIMBE is calculated using Eqs. ͑5͒, ͑6͒, and ͑12͒ 
By increasing the Al-content of the barrier, the piezoelectric and spontaneous polarization of AlGaN are increasing. The sheet charge density caused by the different total polarizations of AlGaN and GaN is increasing slightly more than linear. Increasing the Al-content from xϭ0.15 to 0.3, the calculated sheet charge density increases from ϭ0.013 to 0.027 C/m 2 . In Fig. 8 , the amount of the spontaneous, piezoelectric, and total polarization of the AlGaN barrier, as well as the sheet charge density at the GaN/AlGaN interface, are shown versus x. For the N-face (͓0001 ͔) heterostructure, the sign of the polarization induced sheet charge is determined to be negative for the lower AlGaN/GaN and positive for the upper GaN/AlGaN interface. Applying Eqs. ͑5͒, ͑6͒, and ͑12͒ to a Ga-face GaN/AlGaN/GaN heterostructure, the amount of the sheet charge density remains the same, but the positive sheet charge causing a 2DEG is located at the lower AlGaN/ GaN interface. In Fig. 9 , the sheet charge /e at the AlGaN/ GaN interface caused by the spontaneous and piezoelectric polarization is shown versus alloy composition, proving that the contribution of both kind of polarizations to the sheet charge is nearly the same. For xϭ0.18, a remarkably high sheet charge /e of 1ϫ10 13 cm
Ϫ2
, increasing to 1.7 ϫ10
13 cm Ϫ2 if the Al-content of the barrier is enhanced to xϭ0.3, is determined. These calculated sheet charges located at the AlGaN/GaN interface are about ten times higher than in comparable heterostructures of other III-V heterostructures, 52 thus high polarization induced sheet carrier concentrations may be expected.
V. SHEET CARRIER CONCENTRATION AND MOBILITY
Free electrons tend to compensate the high positive polarization induced sheet charge at the AlGaN/GaN interface for Ga͑Al͒-face or at the GaN/AlGaN interface for N-face material. The maximum sheet carrier concentration located at these interfaces of the nominally undoped structures is expected to be
where d is the width of the Al x Ga 1Ϫx N barrier, e⌽ b is the Schottky-Barrier of a gate contact, E F is the Fermi level with respect to the GaN conduction-band-edge energy, and ⌬E C is the conduction band offset at the AlGaN/GaN interface. To determine the sheet carrier concentration from the polarization induced sheet charge density from Eq. ͑15͒, we use the following approximations: dielectric constant:
⑀͑x͒ϭϪ0.5xϩ9.5, ͑16͒
Schottky barrier 53 :
e b ϭ͑1.3xϩ0.84͒ eV, ͑17͒ Fermi energy 54 :
where the ground subband level of the 2DEG is given by
with the effective electron mass, m*(x)Ϸ0.22m e , band offset 55, 56 :
where the band gap of AlGaN is measured to be
ϭx6.13 eVϩ͑1Ϫx ͒3.42 eVϪx͑1Ϫx ͒1.0 eV. ͑21͒
The calculated maximum sheet carrier concentration n S (x) of the 2DEG located at an AlGaN/GaN interface is shown in Fig. 10 . For a constant barrier width of 30 nm, n S is determined to be 0.92, 1.51, and 2.1ϫ10 13 cm Ϫ2 for alloy compositions of xϭ0.2, 0.3, and 0.4, respectively. If the width of an Al 0.25 Ga 0.75 N barrier is decreased from 30 over 20 to 10 nm the sheet carrier concentration is lowered from 1.21 over 1.12 to 0.86ϫ10 13 cm Ϫ2 in good agreement with the experimental results obtained by C -V-profiling. It should be mentioned that the maximum sheet carrier concentration n S at the interface of a Ga͑Al͒-face pseudomorphically grown Al x Ga 1Ϫx N/GaN is equal to the sheet carrier concentration at the GaN/A x Ga 1Ϫx N interface ͑for the same alloy composition of the barrier͒ of a pseudomorphic grown N-face GaN/ AlGaN/GaN heterostructure ͑realized in this work͒, but n S located at the interface of N-face pseudomorphic grown GaN on top of relaxed Al x Ga 1Ϫx N will be slightly lower due to the smaller piezoelectric constants of GaN in comparison to AlGaN ͑see insert of Fig. 10 and Table IV͒. To prove our interpolation model for the calculation of the piezoelectric and spontaneous polarization used to explain the very high sheet carrier concentration, we compare the calculated maximum sheet carrier density versus Alcontent (d(AlGaN)ϭ30 nm) with the sheet carrier concentration experimentally determined by Hall-effect and C -V-measurements presented above. These data are shown in Fig. 11 for undoped and doped AlGaN/GaN based heterostructures suitable for the fabrication of high quality and high power HFETs. 6, 17, [58] [59] [60] [61] [62] [63] Between barrier alloy compositions of xϭ0.15 and 0.3, we find an excellent agreement of the calculated and measured sheet carrier concentrations of undoped AlGaN/GaN heterostructures ͑Fig. 11, black symbols͒. Even for Si-doped barriers ͑open symbols͒, the measured sheet carrier concentrations are very close to the maximum sheet carrier concentrations compensating the polarization induced sheet charge. and thermal mismatch between the GaN buffer and the barrier layer are causing a high density of structural defects in the AlGaN, and rough interfaces limiting the 2DEG mobility. For xϽ0.15, the conduction band offset becomes small (⌬E C Ͻ0.28 eV), resulting in bad confinement of the polarization induced sheet carrier concentration. Significant deviations of the measured sheet carrier concentrations by Halleffect or C -V-profiling from the calculated values can be caused by free carrier concentrations in the GaN buffer layer, unintentional doping of the barrier ͑n S will be higher͒, 64 or strain relaxation of the barrier ͑n S will be lower͒.
Knowing the maximum sheet carrier concentration n S (x) at the interface of undoped AlGaN/GaN structures, one can estimate the minimum sheet resistivity 2DEG (x) to
where s (x) is the drift mobility of electrons in the 2DEG. The drift mobility calculated by Oberhuber et al. 65 is shown in Fig. 12 together with experimental results as a function of sheet carrier concentration and as a function of interface roughness R. The latter may be characterized by a product of step height and correlation length. 66 At room temperature, the maximum electron mobility is limited by polar optical phonon scattering. At low sheet carrier densities, impurity and piezoacoustic scattering diminish the mobility. For higher densities, these scattering processes are screened, which explains the increase in mobility up to 2000 cm 2 /V s for n S Ͼ10 13 cm
Ϫ2
. At very high sheet carrier densities, the average distance of the 2DEG to the AlGaN/ GaN interface becomes smaller ͑only 2 nm for n s ϭ10
13 cm
͒. Depending on the interface quality, this can decrease the mobility significantly due to the increase in interface roughness scattering shown in Fig. 12 . 65 The minimum sheet resistivity versus alloy composition is shown in Fig. 13 for different interface roughnesses. For an ideal interface in an AlGaN/GaN based HFET, the calculated sheet resistivity lies between 300 and 190 ⍀ for Al contents between 0.2 and 0.3. The lowest reported sheet resistivities for Al contents of the barrier layer between 0.2 and 0.3 are between 400 and 200 ⍀. [59] [60] [61] [62] [63] The experimentally observed slightly higher sheet resistivities can be caused by interface roughness scattering or by scattering due to dislocations, 67 which were not taken into account in this work.
The calculated and experimental results show that 2DEGs are generated by spontaneous and piezoelectric polarization effects with sheet resistivities suitable for high frequency and high power HFETs without doping of the barrier layer.
VI. SUMMARY
We have investigated the formation of 2DEGs at interfaces of pseudomorphic wurtzite AlGaN/GaN/AlGaN and GaN/AlGaN/GaN heterostructures grown by MOCVD and PIMBE. For heterostructures with Ga͑Al͒-face polarity deposited by MOCVD, the 2DEG is located at the interface where AlGaN is grown on top of GaN, whereas in MBE grown samples, determined to be N-face, the electrons are confined at the interface where GaN is grown on top of Al- GaN. By Hall-effect and C-V-profiling techniques the sheet carrier concentration of the 2DEG located at the AlGaN/GaN ͑Ga-face͒ and GaN/AlGaN interfaces is measured to increase from 6ϫ10 12 to 2ϫ10 13 cm
Ϫ2
, if the Al-content of the barrier is increased from xϭ0.15 to 0.31. For a given polarity, the confinement of electrons at specific interfaces and the measured high sheet carrier concentrations can be explained by a compensation of a positive polarization induced sheet charge with a high free carrier density. This sheet charge is caused by different spontaneous and piezoelectric polarizations of the GaN channel and the AlGaN barrier. Because of the increasing spontaneous and piezoelectric polarization of AlGaN with increasing Al-content, the calculated sheet carrier concentration of the 2DEG is increased to 1.67 ϫ10 13 cm Ϫ2 for xϭ0.3 in good agreement with the experimental results.
The minimum sheet resistivity for intentionally undoped AlGaN/GaN heterostructures containing barriers with alloy composition between xϭ0.2 and 0.3 is determined to be 300 and 190 ⍀. The high thermal stability, high saturation velocity, high sheet carrier concentration, and low sheet resistivity of Ga-face AlGaN/GaN and N-face GaN/AlGaN heterostructures, make these undoped structures very suitable for high power and high frequency hetero field effect transistors. FIG. 13 . Calculated and measured 2DEG mobility sheet carrier concentrations products and sheet resistivities for different AlGaN/GaN interface roughnesses.
